Introduction
Introduction
We have identified the molecular defect in two siblings presenting with classical clinical and biochemical features of Fish Eye disease (FED), including corneal opacities, HDL cholesterol < 10 mg/dl, normal plasma cholesteryl esters, and elevated triglycerides. In contrast to previously reported patients with FED who are unable to esterify HDL-associated cholesterol, our patients' plasma lecithin-cholesterol acetyltransferase (a-LCAT)-specific activities assayed using an HDL-like proteoliposome substrate were 12.7-25.7 nmol/hg (19. 5±1.8 in controls). In addition, significant residual cholesterol esterification was present in VLDL/LDL-depleted plasma, confirming the presence of HDL-associated a-LCAT activity. DNA sequence analysis of the proband's LCAT gene identified deletion of the triplet coding for leu3", which resulted in the loss of a restriction site for MlnI. Digestion of PCR-amplified DNA using MlnI established that both siblings are homozygous for this defect. Expression of LCAT3WI4"L in human embryonic kidney-293 cells revealed normal mRNA and intracellular LCAT concentrations. However, reduced amounts of LCAT30"4'., which had a normal specific a-LCAT activity, were present in the media.
In summary, we report the first case of FED associated with a mutant enzyme that has a normal a-LCAT-specific activity. The functional significance of this LCAT gene defect has been established in an in vitro expression system, which demonstrates that very small amounts of this functional LCAT mutant enzyme accumulate in the media. Characterization of LCAT3V4""-established that selective a-LCAT deficiency is not a prerequisite for the development of FED. On the basis of our combined results, we propose that the residual amounts of total plasma LCAT activity and not its distribution on lipoproteins primarily determines the heterogeneity in phenotypic expression observed in familial LCAT deficiency syndromes. (J. Clin. Invest. 1993.92:479-485.) Key words: Fish Eye disease . hypoalphalipoproteinemia * DNA sequence analysis * LCAT . restriction fragment length polymorphism Lecithin-cholesterol acyltransferase (LCAT)' is a key enzyme necessary for extracellular cholesterol metabolism. In plasma, LCAT esterifies cholesterol after association with alpha-(a-LCAT) and, to a lesser extent, with beta-(,3-LCAT) lipoprotein particles. The cholesteryl esters become part ofthe lipoprotein core or are transferred by cholesteryl ester transfer protein to other lipoproteins. The preferred substrate for LCAT are small HDL particles that contain apo A-I, the most potent activator ofthe enzyme (1) (2) (3) . LCAT may facilitate the uptake of cholesterol from peripheral tissues into HDL particles by maintaining a concentration gradient for the efflux of free cholesterol (4) and may play a major role in reverse cholesterol transport.
Two phenotypically distinct syndromes of LCAT deficiency have been reported in the literature: classic LCAT deficiency and Fish Eye disease (FED). Patients with FED, a disorder reported to have a selective defect in HDL-or a-associated LCAT activity, present with pronounced corneal opacification and a marked reduction in HDL cholesterol. Despite HDL cholesterol levels < 10 mg/dl, these patients do not develop coronary artery disease ( 1, (5) (6) (7) . In contrast to FED, patients with classic LCAT deficiency have significant glomerulosclerosis and normochromic anemia (8) . Classically, these two clinical entities have been differentiated biochemically by analysis of total plasma LCAT activity (plasma cholesterol esterification rate; pCER) and HDL-associated a-LCAT activity (1). Thus, in most patients with FED, the CER is normal, but a-LCAT activity is significantly reduced to < 2% that of controls, indicating that LCAT activity in these individuals is primarily associated with apo B-containing lipoproteins (9) . Normally, only 5% of LCAT mass and activity reside on apo B-containing particles (10) . In classic LCAT deficiency, the LCAT activities on both HDL and apo B-containing lipoproteins are virtually absent, resulting in a drastically reduced pCER. These findings have led to the concept that a selective deficiency of HDL-associated a-LCAT activity is pathognomonic for FED.
Several molecular defects in the LCAT gene of patients with FED have been recently identified by DNA sequencing ( 1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Analysis ofthe location ofthese mutations within the LCAT gene indicates that they involve all regions of the enzyme and result in the synthesis of a functionally defective enzyme with a-LCAT-specific activity < 2% of control (6, 1 1, 13 ( 14) .
Blood samples. Fasting venous blood was drawn into EDTA tubes. The plasma was separated by low-speed centrifugation (1,500 g, 15 min) and kept at 40C. Plasma for LCAT assays was frozen on dry ice and kept at -70'C until assayed. The cell pellet was kept at -20'C until DNA extraction was performed.
Lipoprotein and apolipoprotein analysis. Plasma concentrations of cholesterol, triglycerides, and HDL cholesterol were quantitated by an autoanalyzer (model VP Supersystem; Abbott Laboratories, Irving, TX) using the commercially available test kits (Abbott Laboratories). HDL was precipitated from plasma by dextran sulfate using a commercial reagent system (Ciba-Coming Diagnostics, Oberlin, OH). The total free plasma cholesterol esters were assayed by an enzymic colorimetric method (Wako Pure Chemical Industries, Osaka, Japan). Plasma levels of apo A-I and apo A-II were determined by a commercially available turbidometric assay (Boehringer Mannheim GmBH, Mannheim, Germany).
CER and a-LCATactivity. The CER was quantitated by determining the rate of esterification of ['4C]cholesterol using autologous plasma as a substrate as described (15, 16 The HDL-associated a-LCAT activity in plasma and transfection media was determined using an artificial HDL-like proteoliposome substrate as previously described ( 17) . Stable per hour by the concentration of total cholesterol in the proteoliposomes. The cholesterol esterification rate and a-LCAT activity were determined in both native plasma and plasma depleted of apo Bcontaining lipoprotein by phosphotungstic acid as previously reported ( 13) .
LCAT mass. LCAT mass was quantitated by radioimmunoassay using a polyclonal antibody and [ '25I human LCAT as previously described in detail ( 18 ) . DNA isolation. Genomic DNA was isolated from white blood cells using an automated nucleic acid extractor (model 340A; Applied Biosystems, Inc., Foster City, CA) and kept at 4VC.
Oligonucleotides and DNA amplification by PCR. Oligonucleotide primers containing restriction sites for EcoRI and HindIII for subcloning were synthesized on a DNA synthesizer (model 380B; Applied Biosystems, Inc.) as previously reported ( 13) . The coding regions of the proband genomic DNA were amplified by PCR as described (19) (20) (21) using an automated DNA thermal cycler and Taq DNA polymerase (Perkin-Elmer Cetus Instruments, Norwalk, CT) in a reaction mixture of 50 mM KCl; 10mM Tris-HCl, pH 8.3; 1.5 mM MgCl2, and 200 AM each dATP, dCTP, dGTP, and dTTP. 30 cycles were performed, each consisting of 45 s denaturation at 95°C, 1 min annealing at 55°C, and 1 min polymerization at 72°C.
Subeloning ofPCR products and DNA sequence analysis. After digestion with EcoRI and HindIII (Bethesda Research Laboratories, Gaithersburg, MD) and electrophoretic separation on a 1.5% low melting point agarose gel (Bethesda Research Laboratories), PCR products were phenol extracted and ligated into the M1 3 vectors mpl8 and mpl9 (Bethesda Research Laboratories) and subcloned as described (22). Single-stranded DNA of the coding regions, 150 bp of the promoter region, and the intron/exon splice sites were sequenced using the dideoxynucleotide chain termination method (23) and T7 DNA polymerase (Sequenase; United States Biochemical Corp., Cleveland, OH).
Analysis ofPCR-amplified genomic DNA by digestion with MlnI. Oligonucleotide primers A and B ( Fig. 1) were used to amplify a 153-bp DNA fragment by PCR containing the mutant gene region in exon 6 of the proband, six family members, and a control. PCR products were gel purified and subjected to digestion with the restriction enzyme MlnI as recommended by the manufacturer (New England Biolabs, Beverly, MA). Digestion fragments were separated on a 2% agarose (FMC Bio Products, Rockland, ME) gel supplemented with 1% low melting point agarose and DNA was stained with ethidium bromide.
LCAT cDNA expression vector. Restriction sites for XbaI (5'-T/ CTAG-3') and HpaI (5'-GTT/AAC-3') were introduced into the human LCAT cDNA by PCR amplification from a pUC 19 clone, carrying the entire coding region ofthe human LCAT gene (kindly provided by Dr. John W. McLean, Department ofCell Biology, Genentech Inc., San Francisco, CA), using oligonucleotides C and D (Fig. 1) . The 1.35-kb PCR product was digested by XbaI and HpaI as recommended by the supplier (Bethesda Research Laboratories). After purification on a 1% low melting point agarose gel (Bethesda Research Laboratories), the DNA was ligated into the XbaI and HpaI sites of a pUCl 8 vector (24) containing the cytomegalovirus immediate early promoter and the SV40 polyadenylation site. The vector was subcloned using competent DH-5a cells (Bethesda Research Laboratories). Clones carrying the LCAT cDNA were grown overnight at 37°C in LB-Broth (Biofluids, Rockville, MD) and DNA was isolated by one-tube minipreparation (25) . Double-stranded sequencing of the LCAT cDNA insert was performed using the oligonucleotide primers E-K (Fig. 1 ) and the dideoxynucleotide chain termination method (23) as described (25) . The vector was then large-scale amplified and purified by the cesium chloride double-banding method (26).
Site-directed mutagenesis ofthe LCAT cDNA. The mutant LCAT cDNA was generated by the PCR overlap technique (27) from the pUC19 cDNA clone using primers E and M, and L and K (Fig. 1 (28) . All transfections were carried out in triplicate. The cell culture media (DME; Gibco Laboratories, Gaithersburg, MD) were changed after 16 h and were harvested after another 48 h. The intracellular proteins were extracted from collected cells by centrifugation, resuspension ofthe cell pellet in 0.22 M Tris-HCl pH 8.5 (supplemented with 0.2% sodiumdesoxycholate, 0.008% Nonidet P-40, 0.005% Heparin, 1% BSA, and 0.25 M sucrose) and were sonicated as described (29) . Aliquots of the media and the intracellular extracts were kept at -70°C until LCAT assays were performed.
Isolation of mRNA and Northern blot analysis. Extraction of mRNA from cells transfected with the control, the wild-type LCAT (normal LCAT), and the mutant LCAT expression vector (LCAT3004"e-) was performed using the guanidinium thiocyanate method (30). Northern blot hybridization was performed by separation of RNA on a 6% formaldehyde-agarose gel followed by transfer to Nytran (Schleicher & Schuell Inc., Keene, NH) and hybridization with a full-length human LCAT cDNA probe. Northern blots were scanned and analyzed on a Betascope 603 (Betagen, Waltham, MA).
Results
Lipoprotein and apolipoprotein data. 25 nmol/ml per h (59±11 nmol/ml per h in controls, Table II ). Plasma cholesteryl esterification was still detectable (7 vs. 5 1±4 nmol/ml per h in controls, Table II ) after precipitation of apo B-containing lipoproteins with phosphotungstic acid, indicating significant residual HDL-associated LCAT activity. Using an artificial HDL-like proteoliposome substrate, the proband's a-LCAT activity was 14% that of normal controls, a value significantly higher than the residual a-LCAT activity in other FED patients. The calculated specific a-LCAT activities of the proband and his affected sibling using proteoliposomes or VLDL/ LDL-depleted plasma as a substrate ranged from 65 to 112% that of control (Table II) .
Sequence analysis ofgenomic DNA. of the LCAT gene from the patient and a control identified the deletion of an entire codon (CTC) in exon 6, resulting in the loss ofleu I (Fig. 2) . This mutation was the only defect identified in six of six independent clones. Computer analysis of the proband's mutant LCAT DNA sequence (PC/GENE; IntelliGenetics, Mountain View, CA) revealed the loss ofa restriction site for the enzyme MlnI (5'-CCTC/-3') at residue 300.
Analysis ofPCR-amplified genomic DNA by digestion with
MlnI. Digestion of a PCR-amplified 1 53-bp LCAT gene fragment containing the mutant codon in a control, the proband, and six of his relatives with MlnI established that the proband and one of his sisters are homozygous for the leu' deletion (Fig. 3 A) . His three children and his mother are heterozygous for this defect, whereas his paternal uncle is not affected. A pedigree of the kindred is shown in Fig. 3 B, illustrating consanguinity in the third generation. CER, a-LCAT activity, and LCAT mass of in vitro expressed LCA T. To establish the functional significance of the leul deletion, the mutant enzyme was expressed in human embryonic kidney-293 cells. Analysis of culture media and intracellular extracts 48 h after transfection with the normal LCAT plasmid revealed that 95% of total a-LCAT activity and LCAT mass was present in the culture media, indicating that most of the normal protein was secreted (Table III ). In contrast, the total LCAT activity and mass present in the culture media of cells expressing LCAT0''L was very low, whereas intracellular activity and mass were comparable to those transfected with the normal LCAT plasmid. Like the plasma LCAT304e'L, the specific a-LCAT activity ofthe expressed mutant enzyme was similar to normal (43 vs. 46 nmol/hg). Northern blot hybridization of normal and patient RNA revealed normal levels of a normal size 1.6-kb LCAT mRNA (data not shown).
Comparison of mammalian LCA T cDNA sequences. The human LCAT gene structure ( 31 ) is highly homologous to the mouse (32) and the rat (33) (-85% identity). The mutant codon 300 is conserved in all three species.
Primary and secondary structure prediction. Primary and secondary structure prediction models of the normal and the mutant LCAT enzyme were developed using the computer program PC/GENE (IntelliGenetics). The deletion of codon 300 does not alter the average hydrophilicity ofthe enzyme (34) . A minimal reduction in chain flexibility at residue 300 is predicted (35) . A stretch ofextended conformation from residues 299 to 303 is changed to turn and coil in the mutant protein (36) . In an additional model (37) , the mutant protein is predicted to have an extended stretch of coil conformation from codons 297 to 308 and a disrupted stretch of helix extending from residues 289 to 301 in the normal protein.
Discussion
The phenotypic heterogeneity of patients presenting with hypoalphalipoproteinemia has been puzzling to the clinician. Among these patients, two major clinical syndromes, classic LCAT deficiency and FED, characterized by low plasma HDL and a primary defect in the LCAT gene have been reported (5, 10) . Both syndromes are characterized by corneal opacities, hypoalphalipoproteinemia, and the lack ofcoronary artery disease; however, subjects with classic LCAT deficiency are additionally affected by various degrees of glomerulosclerosis and anemia ( 1). pCER (nmol/ml per h) 25 [71 78 [27] 52 [14] 54 [25] 16 [51 71 [36] 60 [36] The first insight into the molecular basis of the phenotypic heterogeneity of LCAT disorders was made by Carlson and co-workers (5-7, 38, 39) , who reported that FED was due to selective a-LCAT deficiency. Classic LCAT deficiency, on the other hand, was associated with a complete absence of LCAT enzymic activity (8) . Thus, the major biochemical difference between the two clinical syndromes was postulated to be the presence of residual LCAT activity on apo B-containing lipoproteins in patients with FED. It remained, however, to be established whether a selective deficiency of LCAT activity in HDL was indeed a requirement for the expression of FED. In this manuscript, we characterize a unique defect in the LCAT gene of a patient presenting with FED, which provides new insights into the underlying molecular basis for the clinical heterogeneity observed in patients with LCAT deficiency.
Our proband presented with the typical clinical and biochemical features ofFED as initially reported in the three index cases of a-LCAT deficiency from Sweden (5, 6) and in other patients with this disorder (1 1, 13) . The proband developed corneal opacities at age 20 and visual impairment by age 40 but had no evidence of glomerulosclerosis and anemia by age 55. Biochemically, the proband's plasma cholesteryl ester and HDL levels were similar to levels observed in other patients with FED. In addition, significant CER was detected in plasma. However, unlike other patients with FED, determination of LCAT activity after precipitation of apo B-containing lipoproteins with phosphotungstate revealed significant residual a-LCAT activity present in the proband and his affected sister. Determination of the specific HDL-associated a-LCAT activities using proteoliposomes or LDL/VLDL-depleted plasma as substrates demonstrated that although total a-LCAT activity in plasma was reduced in both homozygotes to -14 and 18% that of normal, the specific a-LCAT activity of the mutant enzyme was similar to that of normal plasma LCAT. pCER in the proband and his sister was reduced to 15 and 27% that of normal individuals, respectively. Thus, in this kindred, the clinical phenotype of FED is associated with an overall reduction in both a-and /3-LCAT enzymic activity with normal a-LCAT-specific activity rather than the selective deficiency of a-LCAT activity observed in the other FED patients described previously (5-7, 11, 13) . the mutant enzyme in human embryonic kidney-293 cells. The specific a-LCAT activity of the expressed mutant LCAT enzyme was similar to that of normal LCAT, which confirmed the normal a-LCAT-specific activity determined with the plasma enzyme; however, in contrast to the control, where > 90% of the LCAT mass and activity was secreted into the culture media, only a small fraction of mass and activity of LCAT0'' was detected extracellularly, suggesting either a defect in LCAT secretion or (40) . The data presented in this study suggest a novel functional explanation for the expression of FED that does not involve a selective loss of HDL-associated a-LCAT activity. Thus, deletion of leu ' results in the synthesis of an enzyme that has normal specific activity but has decreased plasma levels. Despite the reduced quantity of LCAT present in the patient's plasma, the distribution of the mutant enzyme on a-and illipoproteins, as demonstrated by the analysis of native and LDL/VLDL-depleted plasma, is similar to that of normal plasma LCAT, establishing that in this patient cholesterol esterification by the mutant LCAT is not restricted to apo B-containing lipoproteins. In fact, significant levels ofLCAT activity were detected in the patient's HDL fraction.
On the basis ofthese results we propose that the phenotypic heterogeneity of primary LCAT deficiency syndromes is primarily dependent on the residual levels of activity of the mutant LCAT enzyme rather than on its location on the lipoprotein particles. Classic LCAT deficiency and FED may represent two ends ofa clinical spectrum in which the amount ofresidual LCAT activity determines the clinical manifestations. Thus, previous studies have indicated that a profound deficiency of total plasma cholesterol esterification is required for the expression of classic LCAT deficiency (41) , whereas patients with the FED phenotype had normal rates of plasma cholesterol esterification (6, 11, 13) . In the two homozygotes reported here, 27-42% of normal plasma cholesterol esterification and 14-18% of normal a-LCAT activity are sufficient to protect from renal disease and anemia but not to prevent hypoalphalipoproteinemia and corneal opacification. Thus, the residual LCAT activity that protects against renal disease and hemolytic anemia may reside either on the apo B-containing lipoproteins, as originally described by Carlson and Holmquist (7, 9) 
